Titanite (CaTiSiO 5 ) occurs as a rare mineral in magmatic and metamorphic rocks. It is commonly found in clastic sedimentary rocks as an accessory heavy mineral -a mineral of high density. Recently, U-Pb dating of single-grains of detrital titanite has been shown to be a useful tool in sedimentary provenance studies (e.g. McAteer et al. 2010; Thomsen et al. 2015) . Titanite U-Pb geochronologies can add important information to constrain the sediment sources of rocks and basins, and can help date precipitation of titanite. However, there are a number of complicating factors that must be taken into consideration for reliable application of titanite U-Pb dating in provenance studies.
First, titanite is less stable than zircon -the most commonly employed dating target. For example, in Palaeocene sediments in the North Sea, titanite rarely occurs as detrital grains at burial depths greater than 1400 m (Morton 1984) . It can also show dissolution features due to weathering and burial diagenesis (e.g. Morton 1984; Turner & Morton 2007) . Second, titanite may precipitate during burial diagenesis, which would reflect the burial history of sediments and not their provenance. Precipitation of authigenic titanite is documented from deeply buried (i.e. at temperatures greater than 100°C) volcaniclastic sandstones and mudstones (Helmond & Van de Kamp 1984; Milliken 1992 ) and intrusionassociated mineralisation in volcanic Permian sandstones (van Panhuys-Sigler & Trewin 1990) . Moreover, titanite also occurs in shallow-buried Jurassic sandstones with no volcanic affinity (Morad 1988) . Thus, the formation of titanite is not necessarily linked to a volcaniclastic source, but nevertheless, the presence of volcanic material seems to promote titanite precipitation. If authigenic titanite precipitation was incorrectly identified as detrital, this would have considerable implications for provenance investigations, as apparently titanite-rich source rocks would be wrongly inferred to be present in the sediment source area. Here, we present examples from the Kangerlussuaq Basin in southern East Greenland of what appeared to be detrital titanite. However, new U-Pb dating reveals that the titanite formed authigenically, and hence contributes to the burial history, and not the provenance, of the sediments.
Geological setting
The Kangerlussuaq Basin in southern East Greenland was formed by the North Atlantic opening during the midCretaceous, and filled by Cretaceous and Palaeogene mud-U-Pb dating identifies titanite precipitation in Paleogene sandstones from a volcanic terrane, East Greenland stone-dominated sediments ( Fig. 1 ; Larsen et al. 1999) . The type of deposition changed during the Late Cretaceous to sand-prone fluvial deposits (Schjelderup Member), which cover large areas and probably formed due to crustal doming prior to the onset of volcanism (Larsen et al. 1999) . Several kilometres of Late Palaeocene to Early Eocene continental flood-basalts cover the Cretaceous and Palaeocene sedimentary succession (e.g. Peate et al. 2003) .
During breaks in the volcanic activity, siliciclastic deposition resumed in a combination of shallow marine and deltaic environments (Peate et al. 2003; Larsen et al. 2016) . The Kangerlussuaq Basin contains six intrabasaltic sandstone units ( Fig. 2 ; Larsen et al. 2016) . The earliest intra-basaltic sandstone has the highest content of siliciclastic material, whereas the volcaniclastic contribution increases in the second, and is the main constituent in the succeeding four intrabasaltic sandstone units (Fig. 2 ).
Methods
The sub-and intra-basaltic sandstones were investigated in thin section by optical microscopy, supplemented by scanning electron microscopy (SEM) of thin sections and rock chips to establish the petrographical and diagenetic relationship between titanite and other mineral phases. A Phillips XL 40 SEM was operated using the secondary electron (SE), back-scattered electron (BSE) and the energy dispersive X-ray spectroscopy (EDS), which combined a Thermo Nanotrace 30 mm 2 detector surface window and a Pioneer Voyager 2.7 10 mm 2 window Si(Li) detector system. The electron beam was generated by a tungsten filament operating at 17 kV and 50-60 µA.
Computer-controlled SEM (CC-SEM) was used for heavy-mineral analysis. Heavy minerals were separated into grains by crushing and ultrasound treatment. The grains were sieved, and the heavy minerals were concentrated from the 45-750 µm fraction by heavy-liquid separation using bromoform. The resulting concentrate was embedded in epoxy and polished. Carbon-coated polished blocks were analysed by SEM under similar conditions as the petrographical investigations. The number of measured grains was typically 1200. The data were recalculated using a method described by Keulen et al. (2009) . Identification of minerals was based on semi-quantitative EDS (energy dispersive X-ray spectroscopy) analysis, whereby minerals of similar chemical composition were grouped. The mafic silicates include chlorite, amphibole, pyroxene, tourmaline and olivine. The ilmenite group covers altered ilmenite grains with a TiO 2 content of up to 64%, whereas altered grains with a TiO 2 content of 64-90% is considered to be leucoxene. Fragments containing titanite were recorded as titanite only if the composition was TiO 2 > 15%, CaO > 12% and SiO 2 > 15%.
For major-and trace-element analysis, glass discs were produced by fusing ignited powdered samples with lithium tetraborate in Pt/Au crucibles. Most major elements were obtained from the glass discs by X-ray fluorescence (XRF), using a Bruker S8 Tiger wavelength dispersive multichannel XRF spectrometer equipped with a Rh-anode X-ray tube. The elements Na and Cu were acquired by atomic absorption spectrometry (AAS). Trace elements and rare-earth elements were measured by solution-mode inductively coupled plasma mass spectrometry (ICP-MS) using a Perkin Elmer Sciex (Elan 9000) ICP-MS and small pieces of glass disc dissolved in a mixture of HCl and HNO 3 .
Titanite U-Pb dating was successfully carried out on one of two samples. The mineral grains were embedded in epoxy mounts and analysed using a NWR213 laser ablation system, coupled to an ELEMENT2 SF-ICP-MS. Titanite grains were hand-picked under a binocular microscope from a heavy mineral concentrate obtained by a Holman-Wilfley water-shaking table. Data were acquired by single-spot analysis bracketed by the GJ-1 zircon standard (Jackson et al. 2004) .
Results were validated by analyses of natural titanite standards A1772 and A968 (provided by Y. LaHaye), and the Plešovice zircon standard (Slama et al. 2008) throughout the analysis sequence, all yielding age accuracies of < 3% (2σ) deviation from reference values. Data processing was performed offline using the software Iolite v. 2.5 (Paton et al. 2010 (Paton et al. , 2011 with the VizualAge data reduction scheme (Petrus & Kamber 2012) . Data were corrected for background, session drift and down-hole isotopic fractionation.
A common Pb correction usually needs to be applied for titanites. However, titanites with a high proportion of common Pb, as indicated by low 206 Pb/ 204 Pb (average c. 18 ± 1) and 207 Pb/ 204 Pb ratios (average c. 14 ± 0.5), present a different situation. Ludwig (1998) reports that in such samples, if the common Pb ratio is invariant, any error in the isotope ratios assigned to the common Pb will result in a consistent bias, rather than a random variation, of the calculated 206 Pb/ 238 U and 207 Pb/ 206 Pb radiogenic ratios. Thus, in a ''SemiTotalPb/U isochron'' approach (Tera and Wasserburg 1972) , the background-and session-drift-corrected ratios can be plotted on the Tera-Wasserburg concordia diagram without correction for common Pb. If (and only if) the true 206 Pb/ 238 U and 207 Pb/ 206 Pb radiogenic isotope ratios yield comparable, concordant ages, will the non-common-Pb-corrected data be dispersed along a line whose intercept with the concordia curve defines the age of the samples (Ludwig 1998) . This is the case for the titanite grains in this study. Therefore, the lower intercept age reported here for the titanites is not corrected for common Pb -assuming that the lower intercept age represents the titanite age due to a specific geological event.
Results
The sub-and intra-basaltic sandstones show variations in their detrital grain compositions and exhibit distinctly different cementing phases. The sub-basaltic sandstones consist mainly of quartz, minor amounts of feldspar with subordi- (Larsen et al. 2016) . Unit B: subbasaltic sandstone of the Schjelderup Member. Units C, X, D, E, F: intra-basaltic sandstones. Siliciclastic detritus dominates the sub-basaltic sandstones whereas the volcaniclastic content increase upwards. Titanite comprises a relatively large proportion of the heavy minerals in the earliest and second intrabasaltic sandstones, even though the TiO 2 content is even higher in the later intra-basaltic sandstones.
nate mica, rock fragments and heavy minerals. Besides abundant quartz, the intra-basaltic sandstones are characterised by a high content of detrital feldspar and volcanic rock fragments. The authigenic phases in the sub-basaltic sandstones are dominated by quartz overgrowths and illite. The intrabasaltic sandstones are instead characterised by abundant authigenic chlorite, calcite, common feldspar and rare laumontite cement. The Ti-rich heavy minerals in the sub-basaltic sandstones are mainly ilmenite, titanomagnetite, leucoxene, rutile and rare titanite (Unit B; Fig. 2 ). In contrast, titanite is the dominant Ti-rich mineral in the intra-basaltic sandstones. Anatase is the most abundant authigenic phase in the subbasaltic sandstones, whereas authigenic titanite is dominant in the intra-basaltic sandstones. Titanite commonly occurs as single grains and is a common constituent of rock fragments. Titanite forms tiny crystals together with other authigenic phases such as chlorite and/or calcite, possibly replacing volcanic glass fragments. Authigenic titanite occurs as replacement of detrital ilmenite along fractures and ilmenite crystal rims and as authigenic precipitates, similar to chlorite, between the cleavage planes in mica (Fig. 3) .
The bulk rock TiO 2 content increases with abundance of volcaniclastic material, and hence also upwards in the succession of intra-basaltic sandstones (Fig. 2) . Although titanite is generally common in the heavy mineral assemblages, it only makes up a relatively small proportion in the volcaniclastic dominated intra-basaltic sandstones, due to more abundant mafic minerals.
The titanite age data are plotted on a Tera-Wasserburg concordia diagram (Fig. 4) . The unanchored lower intercept age is reasonably well constrained due to the large spread in radiogenic Pb/common Pb ratios of the titanite grains. In one sample, an analysis of 156 titanite grains yielded a U-Pb lower intercept age of 49 ± 2 Ma (2σ) with a mean square of weighted deviates (MSWD) of 9.6 on both the Tera-Wasserburg and conventional (Wetherill) concordia diagrams.
Discussion
The Ti-rich minerals likely derived from the regional gneiss basement that is assumed to have formed contemporarily with the crystalline basement in the Scoresby Sund region, north of the Kangerlussuaq area, and which yielded U-Pb zircon ages of 2600 to 3000 Ma (Henriksen et al. 2008) . This is supported by a U-Pb zircon age of 2700-3700 Ma from a Paleogene sandstone in the Kangerlussuaq area (Whitham et al. 2004) .
Our data show that replacement of ilmenite and titanomagnetite by titanite, and titanite precipitation occurred Titanite and chlorite (Ch) precipitated between the cleavage planes in mica (intra-basaltic sandstone; SE micrograph). C: Titanite intergrown with albite (Ab) and Ca-rich plagioclase (Pl; intra-basaltic sandstone; SE micrograph). (Fig. 4) . This probably coincides with maximum burial of the sediments, as thick (6 to 8 km) flood basalt units were extruded over the Kangerlussuaq area with the main eruption phase at 60-50 Ma Larsen & Tegner 2006; Brooks 2011) . Furthermore, maximum burial must have occurred prior to the first cooling episode during the Late Eocene (40-35 Ma) as recorded by apatite fission track analyses (Japsen et al. 2014) .
49-42 Ma
The reason for preferential precipitation of anatase in subbasaltic sandstones and titanite in intra-basaltic sandstones, could be that titanite is favoured either by (1) higher temperatures or (2) liberation of Ca and Si simultaneously with alteration of Fe-Ti oxides in intra-basaltic sandstones. The abundance of titanite increases with the volcaniclastic input, hence the fifth and sixth intra-basaltic sandstones (Units F, G; Fig. 2 ) in the Kangerlussuaq area, which are almost completely dominated by volcaniclastic material, show more abundant titanite than the lower intra-basaltic sandstones, which are comprised of mixed siliciclastic and volcaniclastic material (Units C, X; Fig. 2 ). Previous investigations show that titanite precipitation is associated with the presence of volcanic rock fragments (Helmond & van de Kamp 1984; van Panhuys-Sigler & Trewin 1990 ) possibly because Ca, Si and Ti are likely liberated concurrently during alteration of volcanic rock fragments. Formation water from adjacent volcanic rocks could similarly have contributed elements for titanite precipitation. Here, the effect of temperature can be disregarded since the sub-and intrabasaltic sandstones have both experienced similar burial histories of up to 6-8 km burial depth. Alternatively, titanite might have precipitated as a result of the higher heat flux from intrusions or extruded lava, but in this case, a higher abundance of titanite would be expected immediately adjacent to the lava piles or intrusions, which we did not observe.
Conclusions
The sub-and intra-basaltic Paleogene sandstones from the Kangerlussuaq area show a major difference in the dominant Ti-bearing phases. Detrital rutile, ilmenite and leucoxenereplaced Fe-Ti oxides dominate in the sub-basaltic sandstones and anatase is a common authigenic phase. In the intra-basaltic sandstones, titanite is the dominant Ti-phase and here it replaces detrital Ti-rich grains and precipitates as tiny crystals. This reflects different diagenetic changes and not a shift in provenance. U-Pb dating of titanite documents that titanite formed during diagenesis, c. 49 Ma, at maximum burial. Despite similar burial history, different diagenetic paths are probably caused by the absence or presence of volcanic material in the sub-and intra-basaltic sandstones, respectively. Seemingly detrital titanite is in fact titanitereplaced Fe-Ti oxides, and hence does not originate from the sediment source area. Care must be taken when working with sediment where abundant volcanic material is present, since it is interpreted to have caused the major difference in dominant Ti-phase between the sub-and intra-basaltic sandstones. The presence of partly titanite-replaced detrital Fe-Ti oxides may indicate that all titanite is authigenic and U-Pb dating may be necessary to establish its true origin.
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